Abstract: This paper presents an optimum design process and operational analysis of a permanent magnet-assisted synchronous reluctance motor (PMASynRM) as a low-cost and highly efficient consumed magnet material machine. The motor's topology is based on inserting partial permanent magnetic materials into flux barriers of an original synchronous reluctance motor (SynRM) that implicitly increase the difference between the machine's inductances, thereby increasing output torque. The procedure of rotor design as the main contribution of this paper is carefully illustrated. The rectangular shape of the flux barriers was found to achieve cost reduction and improve productivity. The impact of the permanent magnet added to the rectangular flux barriers and how it decreases the q-axis flux are described. For analytical studies, the optimum structure of a sample machine for high-power application is designed through the 2D finite element method in a Maxwell environment. For the sample machine, it is shown that the optimum number of flux barriers, optimum insulation ratio, and optimum width of permanent magnets in order to maintain the rating level of output and minimize the ripple are 4, 0.375, and 30 mm, respectively. In addition to demonstrating the operation of the motor with and without permanent magnet material, the performance of the hybrid motor is evaluated with two different permanent magnet materials, ferrite and NdFeB. Simulation results show that despite a negligible rise of ripple torque, the PMASynRM is able to achieve a higher output torque than the original SynRM with a low amount of permanent magnet material.
Introduction
One of the primary objectives of different industries is to equip application devices with electrical ones, i.e. old and depreciated systems are replaced with electrical technology. The main required component of such an apparatus is an electrical motor or generator. Moreover, adaptation of existing electrical equipment in order to meet industrial needs can reduce costs and delay massive investments for any organization. A reasonable way for enhancing variables such as the output torque, operational speed range, and efficiency of electrical machines is the combination of two or more machines so that it not only preserves the advantages of them individually but also promotes them together.
There is a large body of scientific research that is related to synchronous magnetic and reluctance motors. Different structures are introduced and in some cases they are realized to the construction phase [1, 2] . In particular, the more magnetic material specifications dramatically improve, the more magnetic motors are developed. Magnetic-type motors are divided into two categories: permanent magnet synchronous motors (PMSMs) and brushless DC (BLDC) motors. Magnetic-type motors have an appropriate performance at fundamental frequency; however, their operational speed range is narrow [3, 4] .
Reluctance-type motors have no magnetic material in their topology, which eliminates the demagnetization problem and consequently makes them suitable for working in high-temperature conditions. The main operation principle of reluctance-type motors is based on the difference in the q-and d-axis reluctances. Reluctance-type motors are classified as switched reluctance motors (SRMs) and synchronous reluctance motors (SynRMs). The SRMs have field coils as in a DC motor for the stator windings, while the rotor has no magnet or coils. SRMs are designed so that both the stator and rotor have salience poles and their numbers of poles are not usually the same. A SRM operates on reluctance torque and its speed is directly proportional to the pulse frequency of the input supplied. In spite of a high power density at low cost, which makes it ideal for many applications, one serious concern about SRMs is high torque ripple when they operate at low speed. SynRMs are low-cost and generate reluctance torque through the magnetic saliency of the rotor without any magnetic material. Unlike induction motors (IMs) that include stator copper loss as well as rotor copper loss, such loss is eliminated in SynRMs due to the magnet-free rotor. This means that SynRMs feature the same output from a smaller size or higher output from the same size as an IM. Moreover, for the same output, a SynRM can achieve higher efficiency than that of an IM because of lower loss caused by the magnet-free rotor. Thus, SynRMs are considered as high-efficiency motors and good substitutes for IMs. In comparison to a PMSM, SynRMs have more copper loss, which is why they have lower efficiency [5] . The reason for this is that, for the same output, the SynRM absorbs a higher current than the PMSM. In the other words, since the SynRM only outputs reluctance torque and there is no magnetic torque, for the same output as the PMSM, a higher current must be supplied to the SynRM. This additional current flowing through the stator results in more loss and thereby lower efficiency.
The permanent magnet-assisted synchronous reluctance motor (PMASynRM) was designed to provide the advantages of both the SynRM and PMSM. The PMASynRM can be evolved from a SynRM. The PMASynRM has attracted a lot of interest from researchers [6, 7] . Due to the combinative nature of its structure, it generates both magnetic and reluctance torque. The magnetic and reluctance torques, depending on the type of flux barrier shape, can be generated by various topologies of the rotor. The flux barriers of the rotor can be either an arc or rectangular in shape. In [8] , a suitable method for efficiency evaluation of a PMASynRM with magnetic nonlinearity and a rectangular flux barrier was proposed. A permanent magnet was only inserted into two sides of the rectangular flux barriers. The concentration was only on the efficiency and other properties such as the optimum value of the permanent magnet were not discussed. A PMASynRM with ferrite magnets for high-power applications was designed and its characteristics were compared with a rare-earth PMSM in [9] . The magnets were inserted into the entire flux barriers approximately, while no discussion about the optimum number of flux barriers or optimum amount of magnets was reported. Shohei et al. examined a PMASynRM with ferrite magnets and arc-shaped flux barriers to satisfy the mechanical strength requirements in the high-speed region [10] . The entire space of flux barriers contains magnets to provide an equal power speed range in comparison to a rare-earth PMSM. In [11] , the impact of stack length on copper and iron loss of a PMASynRM and improvement of efficiency characteristics were investigated. An operating comparison between a spoke-type PMSM and PMASynRM with ferrite magnets and arc-shaped flux barriers was also provided in [12] . Accordingly, the PMASynRM was unable to produce a higher torque density than that of the spoke-type PMSM. The authors in [13] claimed that a PMASynRM with ferrite magnets and arc-shaped flux barriers can be competitive against the PMSM for automotive applications. To this end, however, a large amount of magnets must be inserted into the flux barriers. A PMASynRM was designed with ferrite magnets and rectangular flux barriers considering productivity in [14] . It was shown that the rectangular shape of the flux barriers can achieve cost reduction and improve productivity [14] .
In this paper, a scheme based on inserting a permanent magnet into the rotor of a SynRM is proposed. It changes the q-axis flux value so that the overall torque is improved [15] . A more detailed discussion of the strategy is included in the next sections. The rest of the paper is organized as follows: the influence of the added permanent magnet on the output torque equation is discussed in the next section. In Section 3, general design principles of the PMASynRM are provided. Optimum modeling of a sample machine obtained through equations and simulation results are presented in Section 4. Finally, concluding remarks are given in Section 5.
The impact of a permanent magnet added to a reluctance motor
The PMASynRM can be evolved by adding permanent magnet material to the flux barriers of a SynRM, as shown in Figure 1 . The output torque equation of a SynRM caused by rotor saliency is as follows [5] : 
where P is the number of pairs of poles, i d is the d-axis current, i q is the q-axis current, and L d and L q are the d-and q-axis inductance, respectively. The output torque is generated due to the difference in the q-and d-axis inductances of the machine. As can be seen from Eq. (1), there is a large negative component at the second term, which is responsible for increasing the motor current. The normal value of the negative component is about 0.2 p.u. for a typical SynRM [5] . The motor has to be designed so that it has low q-axis inductance as much as possible and so that the negative component can be reduced more. However, the q-axis inductance cannot be greatly reduced.
In a PMASynRM, the second term of Eq. (1) is reduced by adding permanent magnet material as an auxiliary part reducing the q-axis flux. The torque equation and phasor diagram of the PMASynRM are given in Eq. (2) and Figure 2 , respectively. Here, φ a is the linkage internal flux of the auxiliary permanent magnet material. As shown in Figure 2 , the permanent magnet materials are placed in the flux barrier in such a way that its flux is the exact opposite of the flux corresponding to the q-axis. It is worth noting that the value of φ a cannot be increased continuously. There is an optimum value of φ a (φ a,opt ) such that, for higher values, the impact of the permanent magnet material is negative. 
The main principle of the PMASynRM design
The rotor schematic of a PMASynRM is depicted in Figure 1 . Inside the rotor are a few slots that are known as flux barriers, into which the partial permanent magnet is inserted. The permanent magnets are uniformly magnetized and form the d-axis of the rotor. As the permanent magnets have approximately the same permeability as air, they create a path with high reluctance and magnetic anisotropy in the d-axis direction. The iron part of the rotor is formed from a smaller segment, isolated from each other by the flux barriers. These iron parts provide a low reluctance path for the q-axis flux. For considering stability problems, it is necessary that iron segments be internally connected together, so tangential ribs close to the air gap are used in the rotor structure. Due to inserting the permanent magnets, the tangential ribs are saturated during normal operation of the motor and therefore they magnetically isolate various iron segments. From the viewpoint of torque production, leakage flux caused by tangential ribs must be as low as possible. Due to mechanical power restrictions, however, the minimum width of tangential ribs must not be set to less than 1 mm [16] .
It is interesting to introduce some geometrical parameters of the rotor. In Figure 3 , a rotor of a PMASynRM with four flux barriers (B1, B2, B3, and B4) is represented where T m is the thickness of slots along the d-axis. Thus, T s is the thickness of the iron segments along the d-axis. W m and W b are the length of the flux barriers in the direction perpendicular to the d-axis and the direction parallel to the q-axis, respectively. The thickness of the flux barriers along the q-axis is shown by T b . The endpoint angle of the flux barrier is indicated by α m , which can be calculated through Eq. (3a), where p is the number of poles, k is the number of flux barriers, and α e is the end-point angle of the flux barrier in electrical degrees. Considering a constant rotor slot pitch, then: 
A useful parameter known as the isolation ratio for comparing the dimensions of the flux barriers is expressed as follows:
where W ins and W iron are the total width of the flux barriers and iron segments, respectively. K wd denotes the insulation ratio along the d-axis while K wq refers to that of the q-axis. Normal values of the insulation ratio for the d-and q-axis can be assumed as 0.6 and 0.3, respectively [18] . A detailed study of the impact of insulation ratio variation is illustrated in the following. For a given insulation ratio K wd , the total thickness of iron segments along the d-axis can be obtained as follows:
where D and D rc refer to the outer diameter of the rotor and the shaft diameter, respectively. In order to determine the relative thickness of the each iron segment, it is assumed that magnetomotive force (MMF) is sinusoidally distributed, there is no leakage flux, and the entire flux caused by the MMF is shared between related parts. The thickness of each iron segment is specified using Eq. (6), which is taken from [17, 18] :
The total thickness of the flux barriers along the d-axis is calculated as follows:
To determine the relative thickness of the flux barriers, it is assumed that the permeability ratio of the flux barriers is constant. This leads to sinusoidal distribution of the flux density in the air gap and thus a smoother waveform of torque. The relative thickness of the flux barriers is obtained from the equations below [17, 18] :
For a given isolation ratio K wd , Eq. (8a) can be used to determine the flux barriers. The total available thickness along the q-axis to work out the flux barriers and iron segment can be calculated as follows:
where l q is the total available thickness along the q-axis. It should be noted that the total iron value along the q-axis must be equal to or larger than that along the d-axis to ensure greater q-axis inductance. Similar to the approach applied to the d-axis, the total thickness of flux barriers along the q-axis (T bq ) can be obtained by subtraction of the total iron value from the total available length of the q-axis, i.e. l q . The value of the insulation ratio along the q-axis is different from that of the d-axis, which can be calculated as follows:
The relative thickness of flux barriers along the q-axis can be obtained by following a procedure similar to that provided for the d-axis.
Optimum value calculation for the rotor
The above-mentioned design principles are examined considering a typical sample machine. The primary specification of the machine is provided in Table 1 . First, the design procedure is performed using the theoretical equations stated in previous sections. Then a model of the rotor is synthesized using the analytical results and it is simulated in a Maxwell environment in order to obtain a complementary analysis of the model. In the following, selection of parameters as well as corresponding simulations of various conditions are discussed. 
Number of flux barriers
This section deals with selecting the most appropriate number of flux barriers for the machine under study. To this end, under fixed conditions for all parameters, only the number of flux barriers varies from 1 to 7 so that the insulation ratio remains constant. The schematics of a rotor with 1 and 7 flux barriers are represented in Figures 4a and 4b , respectively. In order to determine the proper number of flux barriers, two criteria are considered and compared for all cases: the average output torque and the ripple value of output torque, their curves being given in Figures 5 and 6 , respectively. Figure 5 provides average output torque corresponding to all considered cases, including 1 flux barrier up to 7 flux barriers. Referring to Figure 5 , it can be concluded that with up to 4 flux barriers, the average output torque increases linearly. For numbers of flux barriers higher than 4, the average output torque is already constant, while it imposes mechanical problems on the design procedure.
This agrees with what was outlined in [18] about the number of flux barriers. We can also see from Figure 6 that the minimal value of ripple torque is obtained for 4 flux barriers. Therefore, increasing the number of flux barriers above 4 is not justifiable, neither for average output torque nor the ripple value of output torque.
Insulation ratio
To determine the optimum total thickness of flux barriers (or the optimum insulation ratio) for achieving maximum output torque, the performance of the PMASynRM is investigated by varying the thickness of flux barriers. Here, the optimum insulation ratio is obtained for two different cases. First, under fixed conditions for all parameters, only the insulation ratio along the d-axis (K wd ) is changed by varying the thickness of the flux barrier while it is assumed that the rotor has a single flux barrier. Considering the average output torque, the optimum thickness of the flux barrier and the corresponding insulation ratio for a single flux barrier are obtained as 40 mm and 0.5, respectively, as shown in Figure 7 . If the optimum insulation ratio remains constant for any rotor topology with a different number of flux barriers, then for optimum total thickness of a single flux barrier and knowing the optimum number of flux barriers obtained from the previous section (i.e. 4), the thickness of each flux barrier can be calculated using Eqs. (8a) to (8c).
As the optimum insulation ratio is not essentially identical for rotors with different numbers of flux barriers, under fixed conditions for all parameters and in the case of 4 flux barriers, we only vary the insulation ratio (K wd ) by variation of the thickness of the 4th flux barrier (B4) from 6 mm up to 14 mm by steps of 2 mm, and for each state, the thicknesses of other flux barriers are obtained using Eqs. (8a) to (8c). The schematics of the rotor and corresponding thicknesses of flux barriers are given in Figure 8 . The average and ripple values of output torque are monitored continuously, as shown in Figure 9 (the ripple value is scaled by a factor of 10 such that its magnitude is comparable to that of the average torque). It can be seen that the optimum thickness of the 4th flux barrier is 10 mm, resulting in the minimum ripple and the maximum average torque. Under a) Kwd such circumstances, the thickness of the 3rd, 2nd, and 1st flux barrier is 7.70 mm, 6.60 mm, and 5.70 mm, respectively, and the total thickness of flux barriers along the d-axis becomes 30 mm (T md = 30 mm). The corresponding insulation ratio along the d-axis for T md = 30 mm is also 0.375. Thus, the optimum insulation ratio for rotors with various flux barriers is not the same, and it must be separately obtained for each case. For the sample machine, it was found that the optimum number of flux barriers is 4 and the corresponding optimum insulation ratio is 0.375.
Average torque (Nm), ripple (%) × 10 
Permanent magnet width
The width of the permanent magnet material has a tangible impact on the output torque of the motor. For investigation of the effect of permanent magnet size on the output torque, knowing the exact number of flux barriers and their thickness (4 and 0.375, respectively), we now calculate the optimum amount of magnet for each flux barrier. The length of each magnet is equal to the length of the corresponding flux barriers into which it was inserted. Three different cases of NdFeB magnets with widths of 15 mm, 25 mm, and 40 mm were evaluated to draw the curve. Figure 10 shows the three different topologies. The curve of average output torque and the ripple value of output torque corresponding to variation of permanent magnet width are depicted in Figures 11 and 12 , respectively. For the given machine and in order to satisfy the rating output requirement, it is sufficient to insert magnets into flux barriers 2, 3, and 4. Adding the magnet to flux barrier 1 will not remarkably improve the average output torque while it results in increasing ripple value. It is possible that for another machine it would be necessary to insert a magnet into all four flux barriers. In the case of magnets inserted into flux barriers 2, 3, and 4 and as long as the width of the permanent magnet increases up to 30 mm, the average output torque increases, too, while the behavior of ripple output torque is nonlinear, i.e. up to 15 mm it has a modest rise to about 5.15% and then up to 30 mm it has a low decline and reaches about 4.8%. Over the higher values of permanent magnet width, the average output torque is approximately constant while the ripple torque is increased. Therefore, according to this information, the optimum value of permanent magnet width is 30 mm for flux barriers 2, 3, and 4.
Investigation of role and type of permanent magnet
Finally, after optimum designing of different parts of the machine, it is desirable to compare it with the original SynRM. For this purpose, the original SynRM with two different types of rectangular flux barriers and the optimum designed PMASynRM shown in Figure 13 are compared from viewpoints of average and ripple value of the output torque. The obtained results are given in Table 2 . It can be observed that the PMASynRM is able to enhance average output torque by about 10% with a slight rise in ripple value. As the rating output is high, improvement by 10% is a considerable increase of output torque. Moreover, similar to what was done in Ripple value of output torque of a PMASynRM for varying widths of permanent magnets inserted into B4, B3, and B2. [18], the direct impact of the permanent magnet type is investigated using two different permanent magnets, ferrite and NdFeB. In the PMASynRM only a small amount of permanent magnet is used. Ferrite has a much lower residual flux density (Br) than NdFeB. However, it remarkably lowers the cost of the motor in comparison to NdFeB and increases the power factor and efficiency. On the other hand, the permanent magnet must satisfy the requirement of machine torque. The impacts of the permanent magnet type on the average output torque and its ripple value with both ferrite and NdFeB are evaluated. It is assumed that the residual flux density (Br) and magnetic field intensity (H) for full demagnetizing of the NdFeB are 1.2 T and 965 kA/m, respectively, while corresponding values for ferrite are 0.4 T and 195 kA/m, respectively. The average output torque and its ripple value considering two different materials are reported in Table 3 . It can be clearly seen from Table 3 that significant different values for the average produced torque are obtained, i.e. the corresponding values for ferrite are less than those for NdFeB. In the other words, for the same required output torque, a greater amount of ferrite is needed than that of NdFeB. In particular, for a high-power application such as a submarine drive system, it is possible that ferrite cannot satisfy the required conditions. In addition, there is a great increase for the ripple value of output torque when ferrite is used. These considerations must be taken into account for realizing an appropriate machine. 
Conclusion
The design procedure of a PMASynRM evolved from a SynRM was investigated. The impact of inserting permanent magnet material into flux barriers of the SynRM was discussed. It was clear that the permanent magnet material increases the difference between the machine's inductances and results in the increasing of output torque. The design principles of the rotor for a PMASynRM were provided in more detail. Moreover, the optimum values for a given sample machine were obtained through simulation results. The most important outcomes can be summarized as follows:
• The impact of the permanent magnet material is the change of saliency ratio and inductances so that it improves the output torque.
• A PMASynRM can simultaneously provide the advantages of both the SynRM and PMSM.
• Increasing the number of flux barriers up to 4 improves the average output torque and decreases the ripple value. For a higher number of flux barriers, there is not a significant increase in the output torque.
• The average output torque is directly affected by the insulation ratio. There is an optimum insulation ratio that results in the maximum average output torque. Furthermore, the optimum insulation ratio for a given machine and under different numbers of flux barriers is not essentially the same. In the sample machine in this study, the optimum design insulation ratio for one and for four flux barriers was 0.5 and 0.375, respectively.
• The behavior of the ripple value considering the volume of used permanent magnet material is nonlinear and there is an optimum value in order to maintain the rating level of average output torque and to achieve the minimum ripple value. For the sample machine in this study, the width of permanent magnets was found to be 30 mm when they were only inserted into B2, B3, and B4.
• For the final design of the given machine, inserting the permanent magnet into flux barriers increased the average output torque by 10% and slightly increased the ripple value in comparison to cases without permanent magnet material.
• The performance of the machine with NdFeB is better than that with ferrite. However, using a ferrite permanent magnet achieves a low-cost machine. Proper selection of the permanent magnet should be taken into account considering the application of the PMASynRM. It was found that for the same output value, a larger amount of ferrite is needed in comparison to NdFeB.
